Summary Chromosome analyses by the cold-induced banding methods were applied to the Asian tetraploid species Trillium apetalon. From the data it has been found that intraspecific chromosome variation is fairly homogeneous. By means of chromosomal and morphological analyses, the species is considered to have originated as a hybrid between the Asian T. camschatcense and the American T. erectum.
Japan.
The number of individual plant examined from each locality ranged from 3 to 15. Chromosome observations were made on meristematic cells of the root tip after a cold-treatment (0°C) for 96 h. The root-tips were fixed in La Cour 2BE for 15 min, hydrolyzed in 1 N HCl at 60°C for 12 min and stained in Feulgen solution for 60 min (Darlington and La Cour 1940) . Squash preparations were made in 45% acetic acid.
Results and discussion
Cold-induced heterochromatic-banded karyotypes for T. apetalon are shown in Fig. 2 . These bands are clearly distinguishable. The chromosome composition for each individual plant is denoted by the make-up of the banded chromosomes. Numbers have been given to the different banding types in the chromosomes A, B, C, D and E, respectively. For example, Sample No. 9 (Fig. 2a) , showing all 20 chromosomes is denoted as A2A2A4A4, B2B2B3B3, C1C1C6C6, D3D3D5D5 and E2E2E3E3 (Fig. 2b) . From the results in this study on the chromosome banding patterns for 3 populations of T. apetalon, the chromosome composition found for each individual sample is given in Table 1 .
As summarized in this table, all individuals in any one of the 3 populations has the same karyo- type, indicating a strong homogeneous composition within the populations, but each population keeping its specific distinct chromosomal composition that differs from those at other localities.
Chromosome variation for T. apetalon Fig. 3 illusrates schematic drawings of the banding karyotype of all T. apetalon analyzed including the present research data by Fukuda and the previous data by Haga and Kurabayashi (1953) , Saho (1974a, b) and Haga et al. (1974) . The dark areas dipict euchromatic segments on the Ichiro Fukuda Cytologia 68(3) A 2-2-4-4 B 2-2-3-3 C 1-1-6-6 D 3-3-5-5 E 2-2-3-3 2 A 2-2-4-4 B 2-2-3-3 C 1-1-6-6 D 3-3-5-5 E 2-2-3-3 3 A 2-2-4-4 B 2-2-3-3 C 1-1-6-6 D 3-3-5-5 E 2-2-3-3 4 A 2-2-4-4 B 2-2-3-3 C 1-1-6-6 D 3-3-5-5 E 2-2-3-3 5 A 2-2-4-4 B 2-2-3-3 C 1-1-6-6 D 3-3-5-5 E 2-2-3-3 6 A 2-2-4-4 B 2-2-3-3 C 1-1-6-6 D 3-3-5-5 E 2-2-3-3 7 A 2-2-4-4 B 2-2-3-3
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chromosomes, whereas the white areas the illustrate heterochromatic segments. As shown in Fig. 3 , for T. apetalon 7 different karyotypes were found in chromosome A, 8 karyotypes in chromosome B, 6 karyotypes in chromosome C, 5 karyotypes in chromosome D and 6 karyotypes in chromosome E. These total karyotype number is small in comparison with the diploid species T. camschatcense which has 78 karyotypes for chromosome A, 22 for B, 18 for C, 34 for D and 20 for E (Fukuda and Kozuka 1958, Fukuda 1970) . Table 2 shows the chromosome compositions of 9 populations from different area covering all of Japan for T. apetalon (Saho 1974a , b, Haga et al. 1974 . As shown Table 2 , a dominant karyotype was present in common to a much higher degree among these populations. That is, A4 and A6 were present at a much higher rate in chromosome A; B3 and B4 were dominant in chromosome B; C6 and C4 in chromosome C; D5 and D3 in chromosome D; E1 and E4 in 
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chromosome E. Fig. 4 is an arrangement of these T. apetalon populations that illustrates the A chromosome composition on the distribution map. The A chromosome shows a fairly uniform composition among their populations. Out of 9 populations, 6 populations have the same component A4, A4, A6 and A6 whereas the 3 other populations are different. Within a population the homogeneity is high (Table 1) . This is a fairly unique characteristics phenomenon on the species level.
In discussing chromosome variation, Saho (1974a, b) first pointed out that certain chromosome banded types were fixed uniformly but differed from locality to locality. Uchino and Kanazawa (1988) and Uchino et al. (1986) also found from the endosperm analyses the species consists of an assemblage of various homokaryotypes, which are homozygous for 10 pairs of chromosomes. From these data it was considered that there existed a relationship between the chromosome variation and the breeding system (Haga et al. 1974 (Haga et al. , 1984 . Ohara et al. (2001) , in studying the reproductive system noted that T. apetalon appeared to have a substantial capacity for both inbreeding and outbreeding, but inbreeding plays an important role in seed production. On this point, practical data were obtained by Fukuda (1961) visiting plants of T. apetalon. At one flowering period, Fukuda observed 2000 plants of T. apetalon but did not observe any visiting insects. These data signified plainly that T. apetalon is reproducing by self-pollination and is responsible for the characteristic chromosome compositions within the species. This is a very interesting story evolutionarily: the plant when only lacking petals has brought about a significant and dramatic change in the genetic component of the species.
Analyses for the origin of T. apetalon
Comparative study of a rare petalous and common apetalous plant of T. apetalon: Although the apetalous type of T. apetalon is most common, a rare plant with 3 typical petals have been found and recorded in the distribution area. The vouchers for these collections as follows: Horokanai, Sorachi, Hokkaido, Japan, 1922, by Sadayoshi Fukuda (MAK); Kuroishi, Iwate, Tohoku, Honshu, Japan, 1931, by Hattsurou Iwabuchi (MAK); and Zenibako Pass, Shiribeshi, Hokkaido, Japan, 1957, by Ichiro Fukuda and Yoshimichi Kozuka. This latter specimen has been designated as the type by Junichiro Samejima for his Trillium apetalon forma tripetalon Samejima and Samejima (1962) . The plants from the Zenibako pass all (3 plants) each had 3 reddish petals of ovate shape with obtuse apices and bases (Fig. 5a, b) . At a glance it can visualized that the flower closely resembles that of the American species, Trillium erectum. The floral diagram of the plants with the reddish petals was the same as that for T. erectum (Fig. 5c) . Fortunately, the author was able to reexamine the chromosome number of this material that had been determined in 1960 (Fig. 5d) . The chromosome number is 2nϭ4xϭ20 which corresponds to the chromosome number of common T. apetalon plants. The heterochromatic banded karyotypes resulting from the cold-treatment give chromosome arrangements of A4, A4, A6, A6, B3, B3, B4, B4, C4, C4, C5, C5, D3, D3, D4, D4 and E3, E3, E3, E3 as shown in Fig. 5d . From this chromosome research, the author could not detected any specific chromosome that could for petal production and hence the petal characteristics must be genic. However, through checking its chromosomes it was possible to determine the relationship with T. erectum materials from New York state, by helps of Prof. L. L. Pechuman, Cornell Univ. (Fukuda 1961) . Morphological approaches to the origin of T. apetalon: A typical T. apetalon plant has 3 frequently reddish, sometimes greenish sepals, 6 stamens, a 3-locular ovary and no petals; the floral diagram appears in Fig. 6 . Compared with Trillium species which possess petals, the position of the carpel is arranged a 60 degree angle to account for the missing petals.
In T. apetalon, the 3 broadly rhombic leaves as shown in Fig. 7 . Comparative study for the leaf shapes in several Trillium species was carried out for 20 samples of each species. As the result, the leaf index is 1.61 for T. undulatum (Fukuda 2001b ), 1.43 in T. ovatum (Fukuda and Channell 1975) , 1.70 in T. grandiflorum (Fukuda and Grant 1979, 1980) , 1.15 in T. erectum (Fukuda et al. 1981 , Fukuda 1987 ) and 1.10 in T. apetalon (Fukuda et al. 1981) . These leaf index values indicate plainly that T. apetalon and T. erectum are much closer to each other than the other Trillium species. Although T. apetalon lacks petals completely, the data on the other morphological quantitative characters are more closely allied to T. erectum.
Comparative chromosome analysis for T. apetalon and T. erectum: As the next step, comparative chromosome analyses for T. apetalon and T. erectum will be considered in detail. The chromosome data by the cold-induced heterochromatic banding method is available for 16 populations of T. erectum which distributed in the Apparachian mountain region in Canada and the United States (Fukuda 1987 ). The data shows 5 different banding patterns in chromosome A, 8 karyotypes in chromosome B, 12 karyotypes in chromosome C, 9 karyotypes in chromosome D and 12 karyotypes in chromosome E. From these T. erectum data and that of T. apetalon data, some similarities are found in the chromosome karyotypes of both species. The white star in the left end of Fig. 3 shows the chromosomes of T. apetalon for comparison with those of T. erectum. That is, the chromosomes A1, A2, A4, A5 and A7 of T. apetalon correspond to the chromosomes A4, A1, A2, A3 and A5 of T. erectum. T. apetalon B3 chromosome corresponds to T. erectum B8. T. apetalon chromosomes C2 and C3 correspond to T. erectum C2 and C5, respectively. T. apetalon D1 and D4 are equal to those of T. erectum D1 and D2 . T. apetalon chromosomes E1 and E3 equal those of T. erectum E1 and E2, respectively. The total of the karyotypes of T. apetalon includes 12 of the same karyotypes of T. erectum found in T. erectum, that is, there is a 37.5% similarlity of the chromosomes between both species (Fukuda 1987) .
Comparative chromosome analysis for T. apetalon and T. camschatcense: The data just summarized suggest that the allotetraploid T. apetalon includes the genome of T. erectum. The most likely source of another genome of T. apetalon would seem to be a diploid species from Japan. Of the native Japanese spcies of Trillium only 1 species, namely T. camschatcense is a diploid. This diploid species of the distribution area that is much closer to T. apetalon, and morphologically differs from it mainly by having 3 white petals. Therefore, we should consider for T. camschatcense as a prospective species in the origin of T. apetalon. Fortunately, data from a total 61 populations have been analyzed of T. camschatcense and are available for comparison with that of T. apetalon (Fukuda and Kozuka 1958 , Fukuda 1970 , Fukuda et al. 1981 . Now a comparative study has been carried out between the chromosomes of T. apetalon and T. camschatcense. The dark star in the left end of Fig. 3 shows the T. apetalon karyotypes for comparison with the same karyotypes of T. camschatcense. That is, the chromosomes A2, A4, A5 and A6 of T. apetalon correspond to chromosomes A53, A1, A57 and A6 of T. camschatcence, respectively. T. apetalon chromosomes B2, B3, B4, B5 and B8 correspond to T. camschatcense B1, B6Ј, B20, B8 and B7. T. apetalon chromosomes C2, C5 and C6 correspond to T. camshatcense C6Ј, C12 and C9. T. apetalon chromosomes D2 and D3 are about equal to those for T. camschatcense D4 and D18 . T. apetalon chromosomes E1, E2, E3 and E4 correspond to those for T. camschatcense E16, E11, E1 and E2, respectively.
Overall, of the 32 karyotypes observed for T. apetalon 16 karyotypes correspond to T. camschatsence. They show a 50% similarity between the chromosomes of both species. This strongly suggests that T. camschatcense is the contributor to the other diploid genome in the formation of the allotetraploid species T. apetalon. Specifically, this evidence suggests that the CCEE genomes of T. apetalon (2nϭ4xϭ20) are composed the CC genomes from T. camschatcense (2nϭ2xϭ10) and the EE genomes from T. erectum (2nϭ2xϭ10). 
Discussion
Now we have arrived at the conclusion that the tetraploid species T. apetalon originated by means of hybridization between the Asian T. camschatcense and the American T. erectum. Information on the molecular level has come to the same conclusion. Fukuda (1990) carried out an electrophoretic enzyme analysis for the Asian and North American Trillium species. Although the same peroxidase banding patterns of the esterase enzyme was in common between T. apetalon, T. camschatcense and T. erectum, but the banding pattern differed between the latter 3 species and T. grandiflorum. This is also suggest strongly for the common genetic relationship among T. apetalon, T. camschatcense and T. erectum.
From ecological point of view, T. camschatcense grows well in wet conditions, whereas T. apetalon prefers comparatively dry conditions in the mountain area in their Asian distributions. In Hokkaido, T. apetalon grows in upland regions that are cold and rather dry, whereas T. camschatcense occurs in the lowland plains along rivers or near the sea. Moreover, the triploid hybrid species T. yezoense between T. apetalon and T. camschatcense is found rarely in the distribution area of both species. In eastern North America, T. erectum is established in the highland area of the Appalachian mountains, whereas T. grandiflorum is found in comparatively flat lowland areas around the Great Lakes region. Such habitat conditions found existing in each of the original diploid species are considerably interesting from an evolutional viewpoint for the speciation of Trillium in Asia and North America.
